Lanthanum (La) is the first member of the rare-earth series of elements that has recently raised considerable interest due to its unique superhydride LaH10+δ and its superconducting properties. Although several studies have found superconductivity and phase transitions in metallic La, there has been a lack of experimental evidence for the equation of state and superconductivity over one megabar. Herein, we extend pressure range up to 163 GPa to explore the equation of state and superconductivity of La via electrical transport and X-ray diffraction measurements. We found that superconductivity emerges in the La with an onset critical temperature Tc of 2.2 K and 3.3 K at 140 GPa and 150 GPa, respectively, with gradient dTc/dP = 0.11 K/GPa. We have extrapolated the upper critical magnetic field μ0Hc2(0) as 0.32 T (Gingburg-Landau) and 0.43 T (WHH formalism) at 140 GPa. The crystal structure investigations indicated that the superconductivity occurred in the orthorhombically distorted fcc-La ( t t →Fmmm) phase with following parameters of 3 rd order
Introduction
Since the first discovery of superconductivity (SC) in 1911 [1] , scientists have searched for materials that can conduct electricity without resistance below a superconducting transition temperature (Tc). So far, tremendous efforts have been devoted to exploring high-Tc SC in a variety of materials such as cuprates [2] , iron-based superconductors [3] , and hydrogen-rich compounds [4] . Among them, SC in hydrides has been successfully realized through the discovery of novel compounds formed in the S-H system at modest pressures with a Tc up to 203 K. The discovery of high temperature superconductivity at high pressure in t t-H3S by theoretical methods [5] [6] and experimental measurements [7] [8] [9] reveals that even room-temperature SC can be achieved in hydrogen-rich materials. Hence, the search for superconducting polyhydrides at very high pressures has raised a new round of research upsurge in physics. Metal hydrides are interesting materials for realizing high-Tc superconductivity by forming unconventionally high stoichiometric ratio. In particular, metal lanthanum (La) can react with hydrogen triggering a non-stoichiometric t t-LaH10 (closer to La2H21), which recently has been reported as high-Tc superconductor with critical temperature above 250 K [10] [11] at 170 GPa. In the framework of total experimental and theoretical investigation of La-H system, the study of structural and electronic properties of metal La at ultrahigh pressures can provide a promising platform for designing electronic high-performance SC-devices based on superhydrides.
The unique physical and chemical properties of the rare-earth metals have attracted interest for decades. Mostly trivalent rare-earth metals from La through Lu possess a similar d-electron character near the Fermi energy while the beginning transition metals Sc and Y, neither of which is superconducting at ambient pressure except metal La [12] . As the first member of the rare-earth series of elements, La can exist in both the double hexagonal-close-packed (dhcp) phase and the face-centered-cubic (fcc) phase, while a bcc structure is favorable at high temperatures near the melting point [13] [14] [15] . Due to high electronic density of states at the Fermi surface and specific phonon spectrum, one would expect strong electron phonon coupling, and therefore a reasonable high superconducting transition temperature observed for La. The dhcp and the stable fcc phases yield superconducting transition temperatures Tc near 5 and 6 K at ambient pressure respectively [16] . Both structures show significant increases in Tc with pressure (dTc/dP~0.87-1 K/GPa) and at 4 GPa reach Tc ≈ 9.3 K, and even 13 K around 17 GPa [17] [18] . The dhcp phase undergoes several structural transformations, firstly transforms to the fcc structure near 2.2 GPa, shifts at about 2.5 GPa to a distorted fcc (dfcc) structure, then returns to the original fcc phase near 90 GPa. The stable fcc equilibrium structure, however, shows no structural changes throughout the reported pressure range of experiment. At the same time, critical temperature demonstrates complex behavior with several "waves" (broad maximums) and anomalies up to 50 GPa [17] . Until now, the equation of state and superconductivity of metal La were not studied under high pressure conditions (over 100 GPa).
In this work, we present new data of La by comprehensive studies on the structural and superconducting properties above megabar pressures. We found that superconductivity emerges in La with an onset critical temperature Tc of 2.2 K and 3.3 K at 140 GPa and 150 GPa, respectively. At 120 GPa superconducting transition was not detected cooling down to 1.5 K. Moreover, we have extrapolated the upper critical magnetic field~0.32-0.43 T upon applied magnetic field at 140 GPa. The combined high-pressure structure investigations with synchrotron radiation indicated that the superconductivity occurred in the orthorhombically distorted fcc-La (Fm-3m→ Fmmm) structure formed without phase transition. We have used the Lanthanum sample purchased from Alfa Aesar with the purity of 99.9%. The assembly used for electrical resistance measurements is shown in Fig. 1 . For the electrical conductivity measurements, we used a piston-cylinder diamond anvil cell (DAC) made by Be-Cu material and the used diamonds had a culet of diameter of 100 µm and bevelled at 8°to a diameter of about 300 µm. The sample chamber consisted of a tungsten gasket with Al2O3 insulating layer. The piston diamond was coated with four 1 µm thick Mo electrodes, which are connected to the external wires using a combination of 25 µm thick Pt shoes soldered onto brass holders. The 5 μm thick La sample was placed on the Mo electrodes and packed in with aluminum oxide in an argon glovebox. The DAC was clamped inside the glovebox and pressure typically raised to about 140 GPa. Pressure was determined from the Raman shift of the diamond anvil edge with 532 nm laser [19] .
Experimental and Theoretical Methods
The synchrotron X-ray diffraction patterns of La sample in a pneumatic diamond anvil cell with 50 μm culet and MgO transmission media, were recorded on the ID-27 synchrotron beamline at the European Synchrotron Radiation Facility (Grenoble, France) with the use of a focused (1.7 × 2.3 μm) monochromatic X-ray beam of 33 eV (λ = 0.3738 Å) and a Perkin-Elmer area detector placed at a distance of 364.12 mm from the sample. The exposure time was 30-100 s. CeO2 standard was used for the distance calibration. Pressure in the cell was determined from the MgO equation of state [20] . The experimental X-ray diffraction images were analyzed and integrated using the Dioptas software package (version 0.4) [21] .
Calculations of superconducting TC were carried out using QUANTUM ESPRESSO (QE) package [22] . Phonon frequencies and electron-phonon coupling (EPC) coefficients were computed using density-functional perturbation theory [23] , employing plane-wave pseudopotential (PP) method, Perdew-Burke-Ernzerhof and Perdew-Zunger exchange-correlation functionals [24] . In our ab initio calculations of the electron-phonon coupling (EPC) parameter λ, the first Brillouin zone was sampled using 2×2×2 and 4×4×4 q-points mesh, and a denser 24×24×24 k-points mesh (with Gaussian smearing and σ = 0.025 Ry, which approximates the zero-width limits in the calculation of λ). Critical temperature TC was calculated from the Allen-Dynes equations [25] .
We also calculated the EoS for distorted fcc-La. In order to calculated the EoS we performed the structural relaxations of cell parameters at various pressures using density-functional theory (DFT) within the generalized gradient approximation (Perdew-Burke-Ernzerhof and Perdew-Zunger functionals), and the projector-augmented wave (PAW) method as implemented in the VASP code [26] . Plane wave kinetic energy cutoff was set to 600 eV and the Brillouin zone was sampled using Γ-centered k-points meshes with resolution 2π×0.05 Å −1 .
Results and discussion
The equation of state of metallic lanthanum has been investigated in the DAC with 50 μm culet and MgO transmission media. Figure 2a presents selected synchrotron angle-dispersive XRD patterns of La at various pressures. At first glance, it can be clearly observed in the figure that the Bragg peaks of both La and MgO shift toward higher angles owing to lattice contraction without any phase transitions, and no new diffraction peaks were observed in the XRD patterns up to the highest pressure of 185 GPa. The Bragg peaks of La in the experimental patterns can be well indexed by a distorted fcc-La structure (with space group Fmmm) which hasn't been discovered in other rare-earth metals before [27] . The refined lattice parameters and the unit cell volume of La sample upon compression run as a function of pressure are shown in Fig. 2b and 2c (also given in Table S1 ). The diagrams show the anisotropy behavior of La sample during compression: da/dP and dc/dP are close and can be roughly approximated by linear functions a (P) = 4.2379 -0.0029·P (Å) and c (P) = 4.2601 -0.0027·P (Å), while db/dP has sufficiently different declination and b (P) = 4.2816 -0.0021·P (Å). The pressure-volume points obtained from the XRD data are plotted in Fig. 2c along with the calculated equations of state using density-functional theory (DFT) with three different pseudopotentials. We can see that the calculated results of distorted fcc-La cell depending on the used pseudopotentials. PAW PBE La-pseudopotential expands cell and increases the volume, while Perdew-Zunger pseudopotential compresses the cell (Fig. 3a) . The best consistency with experimental V (P) was observed for PBE Vanderbilt ultrasoft La-pseudopotential, which is up to only 6% lower than the experimental values. In order to determine the main parameters of the EoS, the obtained pressure-volume data was fitted by third-order Birch-Murnaghan equation 
namely V0, B0 and B0', where V0 is equilibrium cell volume (here at 100 GPa ), B0 is bulk modulus and B0' is derivative of bulk modulus with respect to pressure. The fitted result yields equilibrium volume V100 = 16.48 (7) Å 3 and an isothermal bulk modulus B0 = 208 (26) GPa with its pressure derivative B0' = 9 (1) (see Supporting Information). The bulk modulus of distorted fcc-La Fmmm phase is greatly larger than those reported fcc-and dhcp-La phase, both of whose bulk modulus is just 24 GPa [29] [30] . The Fig.1) , we have increase the pressure to 150 GPa. Upon decompression, we have collected the resistance during cooling and heating. Fig. 3 shows the evolution of resistance as a function of the temperature of the La sample at various pressures. It is found that the superconducting transition can be triggered from both cooling and heating process. At 150 GPa, a clear superconducting transition was observed, with the transition temperature reached about 3.3 K, while the transition temperatures were defined based on the onset. The data collected at 140 GPa showed that resistance dropped to zero at lower temperature with 2.2 K. At 120 GPa we did not detect any signs of superconducting transition (see Supporting Information).
The observed superconducting transitions were sharp with the transition width (from 10% -90%) of the normal state resistance at Tonset around 0.5 K, indicating the good homogeneity of the superconducting phase. From these two data points (140 and 150 GPa), we can see that Tc increased with increasing applied pressure and the dTc/dP is calculated to be 0.11 K/GPa. The beginning of the transition to superconducting state at 140 GPa can also be fixed at the initial point of the resistance growth (~4.8 K) which is caused by the presence of distributed SC-NSC grain contacts [31] . However, for 150 GPa such definition of TC is no longer applicable. The dependence of Tc on pressure above 100 GPa is consistent with the behavior of dhcp and fcc phases of La at lower pressures. To assure what has been observed in Fig. 3 is indeed a superconducting transition, we further conducted the resistance measurements around the transition temperature at variant external magnetic field. Fig. 4a shows the measured resistance at 140 GPa with applied magnetic H of 0.025, 0.05, 0.075 and 0.1 T . The critical temperature Tc decreased with increasing magnetic field, indicating strong evidence that the transition is superconductivity in nature. Much higher fields are required to suppress the superconductivity. To figure out the upper critical magnetic field Hc2(0), the extrapolation method combined with the Ginzburg-Landau (LG) equation
was applied. The extrapolation (R 2 = 0.98) of transition temperature gives an estimate of μ0Hc2(0) = 0.32-0.33 T. Werthamer-Helfand-Hohenberg (WHH) model [32] for critical magnetic fiels, simplified by Baumgartner [33] 
leads to μ0Hc2(0) = 0.42-0.43 T in a good agreement with calculated value (0.4 T, Table 1 ).
In theoretical analysis of superconductivity in metallic lanthanum we took into account that phonon spectrum of La at 150 GPa ends at 350 cm -1 (~0.043 eV, Fig. 4b and 4c ). On such energies density of states near EF ± hωmax is almost constant (≈ 20.1 states/Ry/cell-La4/spin) that allows us to apply constant DOS approximation [34] Table 1 . There is no significant difference in Tc and μ* between used pseudopotentials. Experimental critical temperature 3.3 K corresponds to anomalous value of μ* = 0.195. At this Coloumb pseudopotential McMillan isotope coefficient is quite small β = 0.21 (it increases to 0.37 at μ* = 0.15), while coherence length ξBCS = 0u 2 is 23 nm which is about 35 % lower than for metallic lanthanum at 0 GPa (36 nm) [35] . 
Conclusions
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Equations for calculating T c and related parameters
Superconducting transition temperature TC was estimated by using Allen-Dynes formula: Figure S1 . Le Bail refinement of experimental XRD pattern of La sample at various pressures. Side reflexes were excluded from the analysis. 
Structural information and results of X-ray diffraction studies

